Acquisition of mutations is central to evolution but the detrimental effects of most mutations on protein folding and stability limit protein evolvability. Molecular chaperones, which suppress aggregation and facilitate polypeptide folding, are proposed to promote sequence diversification by buffering destabilizing mutations. However, whether and how chaperones directly control protein evolution remains poorly understood. Here, we examine the effect of reducing the activity of the key eukaryotic chaperone Hsp90 on poliovirus evolution. Contrary to predictions of a buffering model, inhibiting Hsp90 increases population sequence diversity and promotes accumulation of mutations reducing protein stability. Explaining this counterintuitive observation, we find that Hsp90 offsets the evolutionary tradeoff between protein stability and aggregation.
During infection, viral capsids are subject to intense selective pressure by the host immune system [23, 24] . Viral protein diversity is key to virus survival as it creates a reservoir of capsid variants enabling escape from neutralization by circulating antibodies.
To assess whether Hsp90 influences viral capsid evolution, we examined the spectrum of neutralizing antibody escape variants for viral populations that were generated under normal conditions (Hsp90 N ) or following Hsp90 inhibition by treatment of infected cells with GA (hsp90 i ) (Fig. 1b) . Two neutralizing monoclonal antibodies (mAb423 and mAb427) targeting different epitopes in the poliovirus capsid[25] were employed, followed by sequencing across their respective epitope. Escape variants conferring resistance to neutralization were identified in both conditions, in two independent experiments (Fig. 1b) . For mAb423, resistance in the Hsp90 N population mapped to several different substitutions in two P1 sites: K402 and R412 ( Table 2 ). In contrast, mutations at positions N216 and P239 were observed at high frequency in the hsp90 i population (>15%) but were nearly absent from the Hsp90 N population (<2%; p < 0.05 by Fisher's test for both N216 and P239; Fig.1d , Suppl. Fig. 1b , Suppl. Table 2 ).
These results suggest that Hsp90 dictates the sequence space of P1 by selecting both for and against specific sequence variants. The near absence from the Hsp90 N population of mAb427 escape variants at sites N216 and P239 suggests that normal Hsp90 levels reduce the fitness of these sequence variants. This finding deviates from the buffering model of chaperone action, whereby Hsp90 is proposed to generally buffer detrimental Geller, Pechmann et al. 5 mutations in client proteins [10, [26] [27] [28] [29] [30] [31] . To directly test the notion that Hsp90 negatively selects certain sequence variants, we assessed the relative fitness of viruses harboring either the hsp90 i selected variants at P1 sites 216 and 239, or the Hsp90 N variants observed under Hsp90-normal conditions. Viruses containing the Hsp90 N sequences N216 and P239 were competed with viruses containing the hsp90 i variants K216 or S239, under conditions of either normal or low Hsp90 activity (Fig. 1e) . A mix with an initial ratio of 1:5 Hsp90 N to hsp90 i variant was serially passaged ten times with or without Hsp90 inhibitor in two independent experiments. Sequence analysis of passage 10 populations (P10, Fig. 1e and Suppl. Fig. 2) showed that under normal Hsp90 conditions, the Hsp90 N variants N216 and P239 were strongly selected for in both independent experiments, completely dominating the population after 10 passages despite the initial excess of hsp90 i virus ( To gain a better understanding of how Hsp90 shapes virus evolution, we next examined the diversity of poliovirus populations at unprecedented resolution using recent technological advancements in ultra-deep sequencing that provide a detailed description of the viral population mutation composition [34] . We considered three possible scenarios by which Hsp90 influences the functional sequence space of a protein (Fig. 2a) . The first possibility, that Hsp90 plays no role shaping sequence space (No Effect, Fig. 2a, i) , is negated by the experiments in Fig. 1 . The second model stems from the role of Hsp90 and other chaperones in buffering destabilizing mutations [10, [26] [27] [28] [29] [30] [31] (Buffers Mutations; Fig. 2a , ii). This buffering model predicts that Hsp90 inhibition will subject less stable mutations to purifying selection due to constraints imposed by protein biophysics [35, 36] .
This should favor a smaller sub-population of stable variants, resulting in reduced Geller, Pechmann et al. 6 population diversity. Finally, a third possible model is that Hsp90 shapes sequence space in a hitherto unanticipated manner (Dictates Landscape, Fig. 2a iii).
Starting with a single viral clone, we sampled virus populations from eight different passages under conditions of normal Hsp90 activity (Hsp90 N ) or low Hsp90 activity (hsp90 i ) by treatment with the Hsp90 inhibitor GA [22] (Fig. 2b) in two independent replicates (Fig. 2b) . We then employed high fidelity CirSeq ultradeep sequencing[34] to define the sequence composition of these poliovirus populations (Fig. 2b) . Extensive sequence coverage was obtained for both replicas, with most sites in the coding sequence covered over 100,000 times ( Fig. 2c and Suppl. Fig. 4a ). The consensus sequence was unchanged in all samples, as expected from previous findings that poliovirus cannot gain resistance to Hsp90 inhibitors [21] . Furthermore, no global differences in the overall mutation rates of the Hsp90 N and hsp90 i virus populations were observed (Fig. 2d , p = 0.71 by Mann-Whitney-Wilcoxon (MWW) test, and Suppl. Fig. 4b ). Similarly, no significant differences in overall evolutionary rates were observed for both synonymous (dS) and non-synonymous mutations (dN) as a function of Hsp90 activity level, either for Hsp90 client protein P1, or across the entire genome (Fig. 2e , dS: p = 0.21 and dN: p = 0.25 by MWW test; and Suppl. Fig. 4c ). Thus, global evolutionary rates were not affected by Hsp90 activity, consistent with previous findings that Hsp90 inhibition does not affect the viral polymerase [21] . Interestingly however, protein mutational diversity in P1 was significant higher in the hsp90 i condition, in contrast to the expectation from the buffering model (Fig. 2f) . Two alternative metrics, sequence entropy (Fig. 2f, Fig. 4d ) both indicated that reducing Hsp90 activity enhances population diversity (Fig. 2g) . Together with the data from Fig. 1 , these analyses suggest that Hsp90 dictates the sequence landscape within the population (Fig. 2a, model iii).
Molecular chaperones assist protein homeostasis by promoting folding upon translation, maintaining stability and also preventing protein aggregation [5, 37, 38] (Fig. 3a) . These processes are particularly relevant to viral capsids, which must be produced in high levels Geller, Pechmann et al. 7 and assembled from numerous subunits, while avoiding aggregation [39] [40] [41] [42] .
Furthermore, once assembled, capsids must be sufficiently stable to protect the viral genome in harsh environments. To further understand the role of Hsp90 in shaping protein evolution, we compared the viral populations generated under normal (Hsp90 N ) or Hsp90-inhibited (hsp90 i ) conditions to identify variants that differed significantly in their effect on protein stability or aggregation propensity (Fig. 3b) Fig. 3e and Suppl. Fig. 5e ). Since buried regions are primarily exposed in non-native conformations, such as those generated during cotranslational folding, these findings indicate that Hsp90 activity may be critical to prevent aggregation during initial protein folding, rather than during assembly, for which interface residues are likely of greater relevance.
Disfavoring aggregation-prone variants should be beneficial for the virus, while favoring destabilizing mutations should be detrimental. How can the contradictory effects of low chaperone activity on these two key protein-folding properties be reconciled? We reasoned that hydrophobicity, a driving force in protein folding that influences both protein stability and aggregation [45, 46] may explain these effects (Fig. 3f ). Enhancing buried hydrophobicity can increase the stability of the folded core, but can also increase aggregation propensity. We thus examined if Hsp90 N and hsp90 i populations differ in their ability to accommodate sites with enhanced hydrophobicity (Sites hydro ; Fig. 3g ).
Strikingly, inhibiting Hsp90 significantly reduced the number of Sites hydro in P1 and to a lesser extent also in non-Hsp90 clients 3C and 3D (Fig. 3g) . The effect on P1 was dramatic for both replicas (Fig. 3g , p = 5x10 -9 by CMH test, and Suppl. Fig. 5f ) and observed both in buried, surface-exposed and interface sites (Suppl. Fig. 5c with respect to their ability to change aggregation-propensity (∆AP) and hydrophobicity (∆Hyd) (Fig. 3h,i) . Destabilizing variants observed under normal Hsp90 conditions (Hsp90 N ) were significantly more aggregation-prone than destabilizing variants present at reduced chaperone activity (hsp90 i ; Fig. 3h , p = 0.002 by MWW test, and Suppl. Fig. 5g ).
Furthermore, Site destab variants in hsp90 i were significantly less hydrophobic than in Geller, Pechmann et al. 9 Hsp90 N or those expected by chance (i.e. randomly selected mutations; Fig. 3h , p< 10 -7
by MWW test, and Suppl. Fig. 5h ). This indicates that Hsp90 N and hsp90 i accommodate different kinds of destabilizing mutations. Thus, destabilizing mutations in Hsp90 N have significantly increased sequence hydrophobicity and aggregation propensity compared to that expected by chance (Fig. 3h , left panel, p < 10 -5 by MWW test and Suppl. Fig. 5g ). In contrast, destabilizing mutations in hsp90 i have significantly decreased sequence hydrophobicity and aggregation propensity (Fig. 3h , right panel, p = 0.0007 by MWW test, and Suppl. Fig. 5g ). More specifically, many destabilizing mutations in the Hsp90 N population resulted from the loss of proline residues (Fig. 3i and Suppl. Fig. 5h ). In contrast, destabilizing variants in the hsp90 i population were more diverse and reduced hydrophobicity by mutation to polar or charged residues ( Fig. 3i and Suppl. Fig. 5h ). We conclude that Hsp90 enables accumulation of destabilizing variants with increased aggregation propensity and hydrophobicity, while reducing Hsp90 activity promotes destabilizing variants that reduce hydrophobicity and aggregation propensity.
The interplay between Hsp90 action and individual mutations affecting protein stability, aggregation propensity and hydrophobicity is illustrated by a set of variants found at the interface between core beta strands in VP0, the N-terminal folding unit of P1 (Fig. 3j ).
For instance, a stabilizing mutation found in Hsp90 N , A195V, should be beneficial to protein folding and stability; however, this mutation also increases P1 aggregation propensity and hydrophobicity, and is thus strongly selected against in the hsp90 i population (p < 1x10 -4 by CMH test). Another Hsp90 N variant, P263L, also increases aggregation propensity and hydrophobicity but, in this case, reduces protein stability.
This very detrimental mutation is strongly depleted under hsp90 i conditions (p < 1x10 -4 by CMH test). In contrast, L269Q, which reduces sequence hydrophobicity and does not alter aggregation propensity, is favored in hsp90 i , despite being a strongly destabilizing mutation (p < 10 -10 by CMH test). These analyses further illustrate that, for poliovirus P1 capsid protein, the dominant selective force under low Hsp90 activity is the reduction of hydrophobicity and aggregation propensity, even at a cost to protein stability. Geller, Pechmann et al. 10 Our analysis exposes the role of Hsp90 in balancing an intrinsic conflict between stability and aggregation, shaping protein evolution (Fig. 3k ). While increased hydrophobicity benefits the stability of the folded state, it also increases the aggregation propensity of folding intermediates, such as those generated during protein synthesis. Thus, chaperonedependence, which reduces aggregation in vivo, may allow exploration of regions within sequence space leading to more stable, and thus more versatile, proteins (Fig. 3k ). This is consistent with the high aggregation propensity of obligate chaperone substrates in the cell [47, 48] . Importantly, by favoring more stabilizing but also more aggregation-prone sequence variants, chaperones appear to restrict the sequence space and render proteins vulnerable to aggregation under conditions of chaperone impairment, such as cellular stress or aging.
Our analysis points to the importance of Hsp90 in preventing aggregation during initial protein folding ( However, under conditions of Hsp90 inhibition, we also observed clusters of sites harboring synonymous mutations that deoptimized codons at specific locations along the P1 coding sequence ( Fig. 4c and Suppl. Fig. 6c,d ). Specifically, there were two major clusters of deoptimized codons in the hsp90 i population (Fig. 4c , highlighted in blue).
Each cluster mapped to the N-terminal coding region of VP3 and VP1, respectively. The supporting the idea that synonymous changes affect the translation rate locally. We propose that synonymous mutations are selected at lower Hsp90 activity to locally reduce translation speed at inter-domain boundaries to favor co-translational folding. Consistent with this notion, the only member of the picornavirus family whose P1 protein does not require Hsp90 for folding, Hepatitis A virus, relies on highly deoptimized codon-usage for the capsid coding region for fitness [66] . These findings suggest that achieving overall higher translation rates also requires a tradeoff with efficient cotranslational folding, which can be balanced by chaperone action or in its absence, by selective codon deoptimization at specific sites (Fig. 4d ).
While clearly essential for protein folding [16] , the role of Hsp90 in evolution has remained unclear[67]. Our study demonstrates that the chaperone Hsp90 helps shape the evolutionary path of a viral protein at the polypeptide and RNA levels. Hsp90 alters the protein sequence space by modulating tradeoffs between protein stability, aggregation and hydrophobicity at the polypeptide level, and the tradeoffs between translation speed and cotranslational folding at the RNA level. Hsp90 allows exploration of variants that Geller, Pechmann et al. 12 increase aggregation propensity and hydrophobicity, which may also lead to increased protein stability (Fig. 4e) . In low Hsp90, the viral sequence space expands to explore variants that reduce aggregation propensity at the expense of stability. Not all proteins require chaperone assistance for folding [70] . Our results suggest that one benefit of acquiring chaperone-dependence is to resolve evolutionary trade-offs that allow proteins to be translated faster and to occupy specific regions of sequence space.
Chaperone dependence thus likely supported acquisition of complex folds that expand Mutations were subsequently classified into effect (E) and no-effect (NE), i.e.
destabilizing if the predicted stability effect DDG > 1 kcal/mol, and otherwise nondestabilizing; as aggregation prone if DAgg > 2, and otherwise non-aggregation prone;
and as hydrophobic if DHyd > 4, and otherwise non-hydrophobic else (Suppl. Fig. 4a,b) .
Solvent accessible surface area (ASA) for each residue was computed from the PDB To identify individual mutations that give rise to significant sites as defined above, Cochran-Mantel-Haenszel test on the 2x2x7 contingency tables were performed for every possible codon mutation along the poliovirus codon sequence comparing the mutation count and reference sequence codon count between Hsp90 N and hsp90 i as well as across passages. After p-value correction with the FDR method, we identified individual significant mutations through p < 0.05, as well as the requirement of them being at a significant site and following the same trend as the significant site, i.e. if a site is enriched in destabilizing mutations at Hsp90 N , then the individual mutations at the site also has to be destabilizing and enriched at Hsp90 N .
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The mutational effect on codon optimality was tested based on the established tRNA adaptation index (tAI) Fig. 6 ). To assess global changes in codon optimality, we computed the DtAI = tAI mutation -tAI reference for each sequenced mutation in Hsp90 N and hsp90 i and analyzed the distributions of DtAI.
To specifically test for an enrichment in mutations to more slowly translated non-optimal codons, we considered the bottom 20% codons with the lowest tAI values as nonoptimal. The Cochran-Mantel-Haenszel test was used to identify sequence positions associated with mutations to non-optimal codons at Hsp90 N and hsp90 i across passages. Schematic effect of Hsp90 on sequence space. Hsp90 allows variants to explore a region in sequence space of increased hydrophobicity and aggregation propensity, but also of increased stability. Lower Hsp90 constrains sequence space variants to a region of reduced stability, hydrophobicity, and aggregation propensity.
Significance levels are indicated as * p < 0.05; ** p < 0.01; *** p < 0.005. Suppl. Fig. 6 
